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A b s t r a c t  
The l i m i t a t i o n s  o f  s i n g l e  f r equency  p lane  wave 
e x c i t a t i o n  i n  m i x i n g  enhancement a r e  i n v e s t i g a t e d  
f o r  a  c i r c u l a r  j e t .  Measurements made i n  an 8 .8  cm 
d iame te r  j e t  a r e  compared w i t h  a  t h e o r e t i c a l  model. 
The measurements a r e  made t o  q u a n t i f y  m i x i n g  a t  
e x c i t a t i o n  amp l i t udes  up t o  2 p e r c e n t  o f  t h e  j e t  
e x i t  v e l o c i t y .  The i n i t i a l  boundary l a y e r  s t a t e ,  
t h e  e x i t  mean and f l u c t u a t i n g  v e l o c i  t y  p r o f i l e s  
and s p e c t r a  a r e  documented f o r  a l l  cases cons id-  
e red .  The amp1 i t u d e  o f  t h e  fundamental  wave i s  
r e c o r d e d  a l o n g  t h e  j e t  a x i s  f o r  v a r i o u s  l e v e l s  o f  
e x c i t a t i o n .  As t h e  a m p l i t u d e  o f  e x c i t a t i o n  i s  
i n c r e a s e d  t h e  j e t  sp read ing  r a t e  i s  i nc reased ,  b u t  
beyond a  " s a t u r a t i o n "  amp l i t ude ,  f u r t h e r  i nc reases  
have no  e f f e c t  on t h e  spread ing.  The expe r imen ta l  
r e s u l t s  a r e  compared w i t h  t h e o r e t i c a l  e s t i m a t e s .  
I n  t h e  t h e o r y  t h e  f l o w  i s  s p l i t  i n t o  t h e  mean f l o w ,  
l a r g e  s c a l e  mo t i ons ,  and f i n e  s c a l e  t u rbu lence .  
Shape assumpt ions f o r  t h e  mean f l o w ,  and f i n e  s c a l e  
t u r b u l e n c e  a l o n g  w i t h  t h e  shape f o r  t h e  l a r g e  s c a l e  
mo t i ons  o b t a i n e d  f r o m  a  l i n e a r  s t a b i l i t y  t h e o r y  
p r o v i d e  t h e  c l o s u r e .  The expe r imen ta l  r e s u l t s  
compare reasonab l y  w e l l  w f t h  t h e  p r e d i c t i o n s .  
I n t r o d u c t i o n  
Enhanced m i x i n g  o f  j e t s  by  a r t i f i c i a l  e x c i t a -  
t i o n  has been t h e  focus  of  numerous I n v e s t i g a -  
t i o n s .  1-3 These p a r a m e t r i c  i n v e s t i g a t i o n s  p r o v i d e d  
i n f o r m a t i o n  about  t h e  e f f e c t  of  f a c t o r s  such as 
e x c i t a t i o n  S t r o u h a l  number, amp l i t ude  and mode o f  
e x c i t a t i o n ,  Reynolds number, and t h e  n a t u r e  o f  t h e  
boundary l a y e r  a t  t h e  n o z z l e  e x i t .  I n  some s tud-  
les3-5  t h e  va lue  o f  t h e  r a t i o  o f  mean v e l o c l t y  w i t h  
e x c i t a t i o n  t o  t h a t  w i t h o u t  e x c i t a t i o n  a t  x/D = 9  
on  t h e  j e t  c e n t e r l i n e  was used as a  measure o f  j e t  
m i x i n g  enhancement. The maximum a c h i e v a b l e  v a l u e  
o f  t h i s  r a t i o  i s  about  U(ex)/U(unex) = 0.8, u s i n g  
s i n g l e  f r equency  p lane  wave e x c i t a t i o n .  I t  was 
assumed t h a t  t h e  l e v e l s  o f  e x c i t a t i o n  were i n s u f f i -  
c i e n t  t o  enhance m i x i n g  f u r t h e r  and t h a t  d e s i g n i n g  
a  d e v i c e  t o  produce h i g h e r  l e v e l s  would h e l p  b r i n g  
t hese  va lues  down f u r t h e r .  
T h i s  s t u d y  focusses on some i n h e r e n t  l i m i t a -  
t i o n s  o f  s i n g l e  f requency e x c i t a t i o n  i n  t h e  p l a n e  
wave mode. Measurements were made u s i n g  t h e  a x \ -  
symmetr ic j e t  f a c i l i t y  a t  NASA Lewis Research Cen- 
t e r ,  a t  Mach numbers r a n g i n g  f r o m  0.15 t o  0.54 and 
e x c i t a t i o n  l e v e l s  
f r o m  0.05 t o  2  p e r c e n t  o f  t h e  j e t  v e l o c i t y .  Most 
o f  t h e  measurements were made a t  a  Mach number o f  
0.2.  The r e s u l t s  a r e  compared w i t h  t h e  p r e d i c -  
t i o n s  o f  a  t h e o r e t i c a l  model wh ich  was deve loped 
by  Mankbadi and ~ i u 6 * 7  a t  Brown U n i v e r s i t y .  Thi; 
t h e o r e t i c a l  model cons ide rs  t h e  r o l e  o f  f o r c i n g  on 
t h e  g row th  o f  t h e  shear l a y e r .  The model p e r m i t s  
t h e  s t u d y  o f  t h e  r e l a t i v e  dominance o f  mehanisms 
such as e n t r a i n m e n t  due t o  t h e  g row th  o f  l a r g e  
s c a l e  cohe ren t  s t r u c t u r e s  and e n t r a i n m e n t  due t o  
enhanced i n t e n s i t y  o f  f i n e  g r a i n e d  t u r b u l e n c e .  
Exper imenta l  Apparatus and Procedure  
The j e t  f a c i l i t y  shown i n  F i g .  1  c o n t a i n s  a  
76 crn d iame te r  plenum chamber s u p p l i e d  w i t h  p res -  
s u r i z e d  a i r .  The f l o w  passes th rough  t h r e e  screens 
and two s tages o f ' c o n t r a c t i o n  b e f o r e  e x i t i n g  
t h rough  t h e  8 .8  cm d iame te r  nozz le .  A  20.3 cm b u t -  
t e r f l y  v a l v e  bypassed by a  3 .8  cm Ann ln  p l u g  v a l v e ,  
b o t h  o p e r a t e d  r e m o t e l y  a r e  used t o  c o n t r o l  t h e  
f l o w .  A  41 cm d iame te r  s e c t i o n  l o c a t e d  between 
t h e  two  c o n t r a c t i n g  s e c t i o n s  c o n t a i n s  t h e  e x c i t a -  
t i o n  system which c o n s i s t s  o f  f o u r  a c o u s t i c  d r i v e r s  
t h a t  a r e  e q u a l l y  spaced about  t h e  c i r cumfe rence .  
Each d r i v e r  i s  enc losed i n  a  sea led  can and vented 
t o  e q u a l i z e  p ressu re  ac ross  t h e  d r i v e r  diaphragm. 
F i g u r e  1  1s a  photograph o f  t h e  j e t  f a c i l l t y  and 
probe t r a v e r s i n g  mechanism. A  schematic showing 
t h e  n o z z l e  and t h e  e x i t a t i o n  system i s  p r o v i d e d  i n  
Ref.  5.  A  Rockland S c i e n t i f i c  Var iphase tone  gen- 
e r a t o r  p r o v i d e s  the  e x c i a t i o n  s i g n a l .  T h i s  s i g n a l  
i s  a m p l i f i e d  by  A l t e c  Lans ing power a m p l i f i e r s  and 
f e d  t o  t h e  a c o u s t i c  d r i v e r s .  
A  s p e c i a l l y  f a b r i c a t e d  boundary l a y e r  t r i p  
r i n g  i s  l o c a t e d  33 cm upst ream o f  t h e  n o z z l e  e x i t  
'On l eave  f r o m  t h e  Department o f  Mechanical  where t h e  d iame te r  o f  t h e  c o n t r a c t i n g  s e c t i o n  i s  
Eng inee r i ng ,  C a i r o  U n i v e r s i t y ,  Ca i ro .  Egypt.  13.1 cm; t h e  n o z z l e  ended w i t h  a  sharp  edge and 
has a  22 cm l o n g  c y l i n d r i c a l  s e c t i o n  p r i o r  t o  t h e  
e x i t .  The t r i p  r i n g  has 82 saw-teeth which p ro -  
t r u d e  4 . 7 6  mm i n t o  t he  f l o w .  
Measurements o f  mean and f l u c t u a t i n g  v e l o c i t y  
were made w i t h  h o t - w i r e  anemometers. The cohe ren t  
mot ions  were e x t r a c t e d  by  t h e  phase ave rag ing  tech-  
n ique .  The phase average i s  t h e  average o f  d a t a  
p o i n t s  h a v i n g  t h e  same phase w i t h  r e s p e c t  t o  a  r e f -  
erence s i g n a l .  The phase ave rag ing  r e j e c t s  t h e  
background t u r b u l e n c e  and educ ts  t h e  u n d e r l y i n g ,  
p e r i o d i  c ,  cohe ren t  component. The phase average 
measurements and spect rum a n a l y s i s  were done u s i n g  
a  B&K dua l  channel  s i g n a l  a n a l y z e r .  A  computer 
c o n t r o l l e d  t r a v e r s i n g  mechanism was used f o r  probe 
p o s i t i o n i n g .  
T h e o r e t i  c a l  C o n s i d e r a t i o n s  
The t h e o r y  o f  Mankbadi and L i u  (Refs .  6  
and 7)  i n c l u d e s  t h e  e f f e c t  o f  e x c i t a t i o n  on shear 
l a y e r  g row th  and accounts  f o r  i n t e r a c t i o n s  between 
t h e  mean f l o w ,  l a r g e  s c a l e  s t r u c t u r e s ,  and f i n e  
s c a l e  t u r b u l e n c e ,  i n  a  round j e t .  The prob lem i s  
approached by s p l i t t i n g  t h e  t o t a l  f l o w  i n t o  t h e  
t ime  averaged mean, and a  cohe ren t  component a t  an 
i d e a l i - e d  s i n g l e  f requency.  t h e  r e s t  b e i n g  lumped 
as t h e  " i n c o h e r e n t "  component. The k i n e t i c  energy  
equa t i ons  a r e  w r i t t e n  and b r o u g h t  t o  a  r a d i a l l y  
i n t e g r a t e d  form. The c l o s u r e  i s  addressed by mak- 
i n g  shape assumptions f o r  t h e  mean f l o w  and t h e  
f i n e  s c a l e  t u rbu lence .  For  t h e  mean f l o w  r a d i a l  
shape t h e  t h e o r y  uses a  two-stage h y p e r b o l i c  
t angen t  p r o f i l e ,  such as t h e  one proposed by  
~ i c h a l k e  .8  The p r o f i l e  shape f o r  t h e  cohe ren t  com- 
ponent  i s  o b t a i n e d  f r o m  p r e d i c t i o n s  o f  l o c a l l y  pa r -  
a l l e l  s t a b i l i t y  a n a l y s i s ,  e.g. t h a t  o f  ~ i c h a l k e . ~  
The f i n a l  p r o d u c t  i s  a  s e t  o f  t h r e e  n o n l i n e a r  o r d i -  
n a r y  d i f f e r e n t i a l  equa t i ons ,  wh ich  can be s o l v e d  
t o  o b t a i n  t h e  momentum t h i c k n e s s ,  f i n e  s c a l e  t u rbu -  
l ence  energy  f l u x  and t h e  l a r g e  s c a l e  s t r u c t u r e  
a m p l i t u d e  as a  f u n c t i o n  o f  a x i a l  d i s t a n c e .  A  
d e t a i l e d  d e s c r i p t i o n  o f  t h e  t h e o r e t i c a l  develop- 
ment i s  p r o v i d e d  i n  Refs .  6 and 7 .  
R e s u l t s  and D i s c u s s i o n  
As t h e  i n i t i a l  c o n d i t i o n s  p l a y  a  v e r y  s i g n i f i -  
c a n t  r o l e  i n  t he  development o f  t h e  shear l a y e r ,  
these c o n d i t i o n s  were c a r e f u l l y  documented. 
F i g u r e  2 shows t h e  l o n g i t u d i n a l  mean v e l o c i t y  (U) 
and t u r b u l e n c e  i n t e n s i t y  ( u ' )  p r o f i l e s  a t  t h e  
n o z z l e  e x i t  p l ane  no rma l i zed  by  t h e  j e t  e x i t  ve loc -  
i t y  U j ) .  The mean v e l o c i t y  p r o f i l e s  a r e  t op -ha t  
i n  shape, w i t h  a  v e r y  s m a l l  momentum t h i c k n e s s  a t  
t h e  n o z z l e  e x i t .  The t u r b u l e n c e  measured i n  t h e  
boundary l a y e r  a t  p o s i t i v e  va lues  o f  r i s  h i g h e r  
because t h e  probe and i t s  suppo r t  mechanism were 
p o s i t i o n e d  w i t h i n  t h e  j e t  f l o w  i n  o r d e r  t o  reach  
t h i s  s i d e .  Th i s  f l o w  impingement r e s u l t e d  i n  
smal l  p robe  v i b r a t i o n s  wh i ch  were s u f f i c i e n t  t o  
con tam ina te  t h e  d a t a  i n  t h e  t h i n  boundary l a y e r .  
A l l  subsequent measurements a r e  on  t h e  a x i s  o r  i n  
t h e  boundary l a y e r  on t h e  n e g a t i v e  r s i d e  where 
o n l y  t h e  probe and t h e  stem e n t e r e d  t h e  f l o w  caus- 
i n g  m in ima l  v i b r a t i o n s .  Ve loc t  t y  s p e c t r a  measured 
w i t h i n  t h e  n o z z l e  e x i t  boundary l a y e r  and on t h e  
j e t  c e n t e r l i n e  a r e  shown i n  F i g .  3. The boundary 
l a y e r  spect rum shown was measured a t  t h e  r a d i a l  
l o c a t i o n  where t h e  maximum v e l o c i t y  f l u c t u a t i o n s  
occu r red .  N e i t h e r  s p e c t r a  show any d i s t i n c t  
peaks. T h i s  i n d i c a t e s  t h a t  t h e  f l o w  i s  reasonab l y  
" c l ean "  and f r e e  o f  tones f r o m  v a l v e  and f l o w  
n o i s e .  The e x i t  boundary l a y e r  spect rum a l s o  shows 
t h a t  t h e r e  a r e  no remnants o f  o r g a n i z e d  shedding 
f r o m  t h e  t r i p p i n g  dev i ce  t h a t  i s  l o c a t e d  upstream. 
Shape f a c t o r ,  momentum t h i c k n e s s  and peak f l u c t u a -  
t i o n  l e v e l  measured about  0.5 mm downstream o f  t h e  
n o z z l e  l i p  a r e  shown i n  F i g .  4 .  The boundary l a y e r  
c h a r a c t e r i s t i c s  a r e  e s s e n t i a l l y  t h e  same i n  t h e  
Mach number range 0.1 t o  0.35. Based on  these 
c h a r a c t e r i s t i c s  t h e  boundary l a y e r  c o u l d  be cons id -  
e red  as " n o m i n a l l y  t u r b u l e n t . "  The e x i t  c o n d i t i o n s  
were thus " t a i l o r e d "  u s i n g  t h e  boundary l a y e r  t r i p -  
p i n g  dev i ce  d e s c r i b e d  i n  an e a r l i e r  s e c t i o n  and 
more thorough1 y  i n  Ref .  5 .  
Measurements t o  Q u a n t i f y  t h e  Spread inq Rate 
o f  t h e  J e t  
The decay o f  mean v e l o c i t y  a long  t h e  j e t  a x i s  
f o r  v a r i o u s  l e v e l s  of  e x c i t a t i o n  i s  shown i n  
F l g .  5. The mean v e l o c i t y  no rma l i zed  by  t h e  j e t  
e x i t  v e l o c i t y  i s  p l o t t e d  versus a  d imens ion less  
a x i a l  d i s t a n c e  f o r  a  case where t h e  Mach number 
was 0.2. E x c i t a t i o n  was a t  a  S t rouha l  number, 
( fD/Ue) ,  o f  0.5 and t h e  e x c i t a t i o n  l e v e l  was v a r i e d  
f r o m  z e r o  t o  2  pe rcen t  o f  t h e  e x i t  v e l o c i t y .  I t  
i s  seen t h a t  w i t h  i n c r e a s e  i n  t h e  l e v e l  o f  e x c i t a -  
t i o n ,  t h e  j e t  decays more r a p i d l y ,  b u t  beyond a  
l e v e l  o f  e x c i t a t i o n  o f  about  0.875 p e r c e n t  no f u r -  
t h e r  e f f e c t  on t h e  j e t  decay i s  observed. The j e t  
decay r a t e  i s  t h e r e f o r e  f ound  t o  be s a t u r a t e d .  
The j e t  c e n t e r l i n e  t u r b u l e n c e  i n t e n s i t y  p l o t t e d  
versus d imens ion less  a x i a l  d i s t a n c e  i s  shown i n  
F i g .  6. The t u r b u l e n c e ,  i n  t h i s  case, i s  a  sum o f  
t h e  cohe ren t  and i n c o h e r e n t  c o n t r i b u t i o n s .  A1 1  
c o n d i t i o n s  a r e  t h e  same as i n  F i g .  5. As i n  t h e  
mean v e l o c i t y  d a t a  t h e  e f f e c t  o f  i nc reased  e x c i t a -  
t i o n  on t h e  t u r b u l e n c e  d i m i n i s h e s  beyond t h e  ce r -  
t a i n  l e v e l  of  e x c i t a t i o n .  A  p l o t  o f  U(ex) /U(unex)  
measured on t h e  j e t  c e n t e r l i n e .  a t  x/D = 9, versus 
t h e  l e v e l  o f  e x c i t a t i o n  measured a t  t h e  j e t  e x i t  
i s  shown i n  F i g .  7.  A  l ower  va lue  o f  mean ve loc -  
i t y  a t  x/D = 9 i n d i c a t e s  h i g h e r  sp read ing  r a t e s .  
F i g u r e  7 shows t h a t  t h e  r a t i o  o f  U(ex)/U(unex) 
drops q u i c k l y  t o  a  va lue  near  0.8 a t  e x c i t a t i o n  
l e v e l s  as l ow  as 0.3 p e r c e n t  b u t  a  f u r t h e r  i n c r e a s e  
i n  t h e  e x c i t a t i o n  l e v e l  does n o t  reduce t h i s  r a t i o  
any f u r t h e r .  
As t h e  mean c e n t e r l i n e  v e l o c i t y  measurements 
a t  x/D = 9 a r e  n o t  a  d i r e c t  measure o f  t h e  j e t  
sp read ing  r a t e ,  t h e  j e t  sp read ing  as rep resen ted  by  
t h e  shear l a y e r  momentum t h i c k n e s s  was measured a t  
x/D = 9 .  T h i s  i s  shown i n  F i g .  8. Momentum t h i c k -  
ness (exci ted)/momentum t h i c k n e s s  ( u n e x c i t e d )  i s  
p l o t t e d  versus t h e  e x c i t a t i o n  l e v e l .  The momen- 
tum t h i c k n e s s  used here  i s  d e f i n e d  as, 
where Uc i s  t h e  l o c a l  c e n t e r l i n e  mean v e l o c i t y .  
The d a t a  i n  t h i s  f i g u r e  a l s o  e x h i b i t s  t h e  " sa tu ra -  
t i o n "  seen i n  t h e  e a r l i e r  f i g u r e s .  The knee o f  t h e  
cu rve  i s  a t  a  l e v e l  o f  0.3 p e r c e n t  o f  t h e  j e t  e x i t  
v e l o c i t y ,  wh ich  i s  t h e  same c o n c l u s i o n  drawn f r o m  
t h e  mean c e n t e r l i n e  v e l o c i t y  measurements shown i n  - 
F i g .  7 .  
- 
F i g u r e  9 shows t h e  no rma l i zed  peak amp l i t ude  
o f  t h e  fundamental  wave as measured a l o n g  t h e  j e t  
a x i s  f o r  v a r i o u s  l e v e l s  o f  e x c i t a t i o n .  As the  
e x c i t a t i o n  l e v e l s  a r e  i nc reased  t h e  peak l e v e l  
a t t a i n e d  by t h e  fundamental  wave g e t s  h i g h e r  and 
e v e n t u a l l y  s a t u r a t e s .  A l s o  obv ious  f r o m  t h e  f i g -  
u r e  i s  a  c l e a r  upst ream s h i f t  i n  t h e  l o c a t i o n  o f  
t h i s  peak w i t h  i n c r e a s i n g  i n i t i a l  e x c i t a t i o n  
l e v e l .  The peak l e v e l  o f  t h e  fundamenta l  can be 
viewed as ano the r  i n d i c a t i o n  o f  j e t  spread, s i n c e  
as t h e  fundamenta l  wave grows i t  e x t r a c t s  energy 
f r o m  t h e  mean f l o w  thus  caus ing  t h e  j e t  t o  spread 
a t  a  f a s t e r  r a t e .  The peak amp l i t ude  a t t a i n e d  by 
t h e  fundamental  wave i s  p l o t t e d  ve rsus  t h e  l e v e l  o f  
e x c i t a t i o n  i n  F i g .  10. Th i s  i s  seen t o  s a t u r a t e  a t  
t h e  same l e v e l  o f  e x c i t a t i o n  a t  wh ich  t h e  spread- 
i n g  r a t e  and mean v e l o c i t y  a t  x1D = 9 a r e  seen t o  
s a t u r a t e .  Th i s  i m p l i e s  t h a t  t h e  p rocess  o f  m i x i n g  
enhancement i n  t h i s  exper iment  i s  dominated by  t h e  
g row th  o f  t h e  fundamental  wave. 
The g row th  and decay o f  t he  fundamenta l ,  t h e  
subharmonic,  harmonic and t h e  t o t a l  f l u c t u a t i o n ,  
measured a l o n g  t h e  nozz le  a x i s ,  a r e  shown i n  
F i g .  11. The j e t  sp read ing  r a t e  i s  e s s e n t i a l l y  
governed by t h e  fundamental  and t h e  development o f  
f i n e  s c a l e  t u r b u l e n c e  i n  t h e  j e t .  I n  F i g .  11 t h e  
fundamental  i s  o b t a i n e d  by phase ave rag ing  whereas 
the  subharmonic and harmonic a r e  o b t a i n e d  by  f i  l- 
t e r l n g  and t h e  t o t a l  t u r b u l e n c e  i s  t h e  energy con- 
t e n t  o f  t h e  e n t i r e  spectrum. The harmonic cannot  
be d e f i n e d  i n  t h e  a x i a l  r e g i o n  where i t  decays 
because t h e  background t u r b u l e n c e  l e v e l s  g e t  h i g h e r  
than t h e  harmonic a t  around x / d  = 3.  
Most of  t h e  d a t a  d i scussed  so f a r  has been a t  
a  Mach number o f  0.2. Data  i s  shown i n  F i g .  12 f o r  
M = 0.2, 0 . 3  and 0.54. U(ex)/U(unex) measured a t  
x/D = 9 on  t h e  j e t  c e n t e r l i n e  i s  p l o t t e d  versus 
t h e  l e v e l  o f  e x c i t a t i o n .  S a t u r a t i o n  i s  seen a t  
Mach numbers o f  0.2 and 0.3. A t  a  Mach number o f  
0.54 t h e  " s a t u r a t i o n "  l e v e l  c o u l d  n o t  be reached. 
T h i s  was because t h e  e x c i t a t i o n  system c o u l d  n o t  
produce l e v e l s  as h i g h  as 0.3 p e r c e n t  o f  t h e  e x i t  
v e l o c i t y  co r respond ing  t o  M  - 0.54. The re fo re  i t  
seems t h a t  e f f o r t s  t o  c o n t r o l  h i g h  Mach number 
j e t s  would expe r i ence  a  s i m i l a r  " s a t u r a t i o n  l i m i t "  
when d e v i c e s  t o  produce such l e v e l s  a r e  develop- 
ed. J e t  m i x i n g  c o n t r o l  u s i n g  s i n g l e  f r equency  
p l a n e  wave e x c i t a t i o n  appears t o  be q u i t e  l i m i t e d .  
I t  i s  p o s s i b l e  t h a t  o t h e r  modes o f  e x c i t a t i o n ,  
however, would overcome t h i s  r e s t r i c t i o n .  
Exper iment  Versus Theory  
T h e o r e t i c a l  e s t i m a t e s  based on  t h e  Mankbadi 
and L i u  t h e o r y  a r e  compared w i t h  t h e  expe r imen ta l  
d a t a  i n  F i g s .  13 and 14. The s o l u t i o n  o f  t h e  sys- 
tem o f  equa t i ons  r e p r e s e n t i n g  t h e  development o f  
each f l o w  component r e q u i r e s  t h e  e x i t  momentum 
t h i c k n e s s ,  t h e  i n i t i a l  e x c i t a t i o n  l e v e l  and t h e  
t u r b u l e n c e  energy  a t  t h e  j e t  e x i t .  Measured v a l -  
ues o f  t hese  q u a n t i t i e s  f r o m  t h e  expe r imen t  a r e  
i n p u t  as i n i t i a l  conditions f o r  t h e  computa t ions .  
The e x i t  momentum t h i c k n e s s  (€I/D) was measured 
t o  be 0.006. The i n 1  t i a l  t u r b u l e n c e  energy  was 
c a l c u l a t e d  by  i n t e g r a t i o n  o f  t h e  measured 
t u r b u l e n c e  p r o f i l e  a t  t h e  e x i t  
E = 0.0001 was used and t h e  i n i t i a l  e x c i t a t i o n  
l e v e l  was v a r i e d  as i n  t h e  exper iment .  
The maximum cohe ren t  v e l o c i t y  component a t  
t h e  e x c i t a t i o n  s i g n a l  fundamental  f r equency  as 
f ound  a l o n g  t h e  j e t  a x i s  as a  f u n c t i o n  o f  t h e  e x c i -  
t a t i o n  l e v e l  i s  shown i n  F i g .  13 ( d a t a  same as i n  
F l g .  10 ) .  The f i g u r e s  show t h a t  a t  low e x c i t a t i o n  
l e v e l s  t h e  t h e o r y  unde res t ima tes  t h e  cohe ren t  com- 
ponent .  However, t he  f i g u r e  shows t h a t  t h e  t h e o r y  
i n d i c a t e s  t h e  same s a t u r a t i o n  behav iou r  as i n  t he  
exper iment .  The maximum cohe ren t  v e l o c i t y  compo- 
n e n t  t h a t  can be reached a l o n g  t h e  j e t  i s  about  8 
p e r c e n t  o f  t h e  j e t  e x i t  v e l o c i t y .  The s a t u r a t i o n  
behav iou r  can be exp la ined  u s i n g  t h e  t h e o r y  as f o l -  
lows.  The coherent  component grows by  e x t r a c t i n g  
energy  f r o m  t h e  mean f l o w .  T h i s  mean f l o w  produc- 
t i o n  o f  t he  coherent  component i s  p r o p o r t i o n a l  
t o  t h e  energy  o f  t he  coherent  component and i s  
i n v e r s e l y  p r o p o r t i o n a l  t o  t he  momentum t h i c k n e s s  
o f  t h e  mean f l o w .  Thus, an i n i t i a l l y  h i g h  l e v e l  
o f  t h e  coherent  s t r u c t u r e  energy  w i l l  r e s u l t  i n  a  
r a p i d  a b s o r p t i o n  o f  energy  f r o m  t h e  mean f l o w .  
However, t h i s  a l s o  r e s u l t s  i n  a  r a p i d  g row th  o f  
t h e  mean f l o w  momentum t h i c k n e s s  and t h e r e f o r e  
l e s s  energy i s  a v a i l a b l e  f o r  t h e  subsequent deve l -  
opment o f  t h e  coherent  component. Thus, t he  coher-  
e n t  s t r u c t u r e  "chokes" f r o m  i t s  own energy.  Thus, 
f u r t h e r  i nc rease  i n  t he  e x c i t a t i o n  l e v e l  can n o t  
r e s u l t  i n  a m p l i f i c a t i o n  o f  t h e  cohe ren t  component 
and a  s a t u r a t i o n  l i m i t  i s  reached. 
The r a t i o  o f  t he  j e t ' s  momentum t h i c k n e s s  a t  
x l d  = 9 f o r  t h e  e x c i t e d  and t h e  u n e x c i t e d  cond l -  
t i o n s  i s  shown i n  F i g .  14 versus t h e  e x c i t a t i o n  
l e v e l .  A t  low e x c i t a t i o n  l e v e l s ,  t h e  t h e o r y  pre-  
d i c t s  t h e  same va lues  as i n  t h e  exper iment .  A t  
h i g h e r  e x c i t a t i o n  l e v e l s  t h e  t h e o r y  unde res t ima tes  
t h e  e f f e c t  o f  e x c i t a t i o n  on t h e  momentum t h i c k -  
ness. The p r e s e n t  t h e o r y  o n l y  cons ide rs  a  s i n g l e  
f r equency  component o f  t h e  cohe ren t  s t r u c t u r e .  
However, i f  t h e  energy o f  t h e  fundamental  compo- 
n e n t  o f  t h e  cohe ren t  s t r u c t u r e  i s  r e l a t i v e l y  h igh .  
a  subharmonic o f  t he  fundamental  can be a m p l i f i e d  
as i n  Refs .  11 and 12 and as observed i n  t h i s  
exper iment  and shown i n  f i g u r e  11. T h i s  subhar-  
monic a l s o  absorbs energy  f r o m  t h e  mean f l o w  and 
r e s u l t s  i n  f u r t h e r  I nc reases  o f  t h e  momentum t h i c k -  
ness as s t u d i e d  by ~ a n k b a d i . l 3  Th i s  c o u l d  e x p l a i n  
why a t  h i g h  e x c i t a t i o n  l e v e l s  t h e  s i n g l e  f r equency  
t h e o r y  underes t imates  t h e  development o f  t h e  j e t .  
Flow V i s u a l i z a t l o n  
S c h l i e r e n  photographs taken  f r o m  Ref.  3 a r e  
shown i n  F i g .  15. These p i c t u r e s  show t h e  e f f e c t  
of  i n c r e a s i n g  e x c l t a t i o n  l e v e l s  on t h e  j e t  s t r u c -  
t u r e  a t  a  S t r o u h a l  number o f  0.5. W i th  i n c r e a s i n g  
amp l i t ude  ( i n d i c a t e d  by t h e  v o l t a g e  i n p u t  t o  t h e  
speake r ) .  The e f f e c t  o f  e x c i t a t i o n  on  t h e  j e t  
s t r u c t u r e  I s  pronounced i n  t h e  f i r s t  t h r e e  p i c -  
t u r e s .  Bu t  l i t t l e  change o c c u r r e d  i n  t h e  f o u r t h  
p i c t u r e  i n  comparison t o  t h e  t h i r d .  A  d i r e c t  com- 
p a r i s o n  w i t h  t h e  p resen t  exper iment  can n o t  be 
made as t h e  e x c i t a t i o n  l e v e l  i n  t h e  v i s u a l i z a t i o n  
s t u d y  i s  i n d i c a t e d  by t h e  v o l t a g e s  t o  t h e  a c o u s t i c  
d r i v e r s .  Values o f  t h e  e x c i t a t i o n  l e v e l  as a  pe r -  
c e n t  o f  t h e  j e t  e x i t  v e l o c i t y  a r e  n o t  a v a i l a b l e  i n  
Re f .  3.  I n  a  p r i v a t e  communlcat lon w i t h  t h e  p r i n -  
c i p a l  a u t h o r  o f  Ref .  3  t h e  p o s s i b i l i t y  o f  t h e  
o u t p u t  f r o m  t h e  a c o u s t i c  d r i v e r s  hav ing  reached 
s a t u r a t i o n  was d iscussed.  When t h e  v o l t a g e  i n p u t  
t o  t h e  d r i v e r s  was i nc reased  f r o m  10 t o  40 V  t h e  
o u t p u t  f r o m  t h e  d r i v e r s  d i d  s a t u r a t e ,  b u t  t h e  exac t  
v o l t a g e  where t h i s  o c c u r r e d  i s  n o t  known. Though 
q u a l i t a t i v e ,  these a re  i n d i c a t i o n s  t h a t  t h e r e  
e x i s t s  an upper l i m i t  t o  wh ich  t h e  s t r u c t u r e  shown 
i n  F i g .  15 can be a l t e r e d  by  s i n g l e  f r equency  p lane  
wave e x c i t a t i o n .  
Conc lud inq  Remarks 
1 .  There a r e  l i m i t a t i o n s  i n  j e t  m i x i n g  
enhancement u s i n g  s i n g l e  f r equency  p lane  wave e x c i -  
t a t i o n .  The re fo re  t he  use o f  dev i ces  which p r o v i d e  
h i g h e r  l e v e l s  o f  s i n g l e  f r equency  e x c i t a t i o n  may 
n o t  y i e l d  b e t t e r  j e t  m i x i n g  o r  plume r e d u c t i o n .  
2.  T h i s  s a t u r a t i o n  i s  observed i n  a l l  measured 
q u a n t i t i e s  o f  t h e  j e t  e v o l u t i o n ,  i . e .  t he  fundamen- 
t a l  wave amp1 i tude,  t h e  momentum t h i c k n e s s  and t h e  
c e n t e r l i n e  mean v e l o c i t y  and t u r b u l e n c e  i n t e n s i t y .  
The l e v e l  o f  e x c i t a t i o n  a t  wh ich  s a t u r a t i o n  o f  t h e  
fundamental  wave i s  reached i s  t h e  same as t h a t  a t  
wh ich  t h e  s a t u r a t i o n  o f  t h e  i n c r e a s e  i n  momentum 
t h i c k n e s s  and t h e  c e n t e r l i n e  mean v e l o c i t y  i s  
reached.  Th i s  l e v e l ,  f o r  t h e  p r e s e n t l y  s t u d i e d  j e t  
a t  M = 0 .2 ,  was found  t o  be about  0 . 3  pe rcen t  of  
t h e  j e t  v e l o c i t y .  
3.  The t h e o r y  o f  Mankabadi and L i u  can rea -  
sonab ly  s i m u l a t e  t h e  e f f e c t  o f  e x c i t a t i o n  on t h e  
development o f  t h e  j e t .  I n c l u s i o n  o f  a mechanism 
by which subharmonics can be a m p l i f i e d  must be con- 
s i d e r e d  a t  h i g h  e x c i t a t i o n  l e v e l s .  
4 .  More e f f e c t i v e  methods f o r  f l o w  c o n t r o l  
such as s imul taneous e x c i t a t i o n  o f  t h e  fundamental  
and subharmonic waves93l0 o r  s p i n n i n g  mode e x c i t a -  
t i o n  need t o  be p a r a m e t r i c a l l y  s t u d i e d  i n  o r d e r  t o  
o b t a i n  f u r t h e r  i nc reases  i n  j e t  m i x i n g  enhancement. 
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FIGURE 1. - JET FACILITY AND TRAVERSING MECHANISM. 
FIGURE 2. - RADIAL VARIATION OF MEAN (U. SOLID L INE)  
AND FLUCTUATING (u' . DASHED L INE)  VELOCITIES AT 
THE JET EXIT .  
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FIGURE 3.  - u'-SPECTRA MEASURED AT THE JET E X I T  
BOUNDARY LAYER AND CENTERL I NE ($1 : BANDWIDTH 
12.5 Hz. 
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FIGURE 4. - BOUNDARY LAYER CHARACTERISTICS MEASURED 
0.5 MM DOWNSTREAM OF THE JET EXIT. 
(a )  SHAPE FACTOR. 
( b )  MOMENTUM THICKNESS. 
(C PEAK FLUCTUATION INTENSITY. 
FIGURE 5.  - CHARACTERISTIC DECAY OF MEAN VELOCITY 
ALONG THE CENTERLINE FOR VARIOUS LEVELS OF IN- 
ITIAL EXCITATION, ( S t  = 0 . 5 ) .  
FIGURE 6.  - CHARACTERISTIC DEVELOPMENT OF TURBU- 
LENCE INTENSITY ALONG THE CENTERLINE FOR VARIOUS 
LEVELS OF EXCITATION, (S = 0 . 5 ) .  SAME LINE CODES 
AS I N  FIGURE 5 .  
FIGURE 7. - VARIATION OF MEAN VELOCITY RATIO AT 
x/D = 9 ON THE JET CENTERLINE WITH INITIAL LEVEL 
OF EXCITATION, (St = 0.5, M = 0.2). 
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FIGURE 8. - VARIATION OF MOMENTUM THICKNESS (MEA- 
SURED AT x/D = 9) WITH THE INITIAL LEVEL OF EX- 
CITATION. (St = 0.5. M = 0.2). 
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FIGURE 9. - GROWTH OF THE FUNDAMENTAL WAVE ALONG THE 
JET CENTERLINE FOR VARIOUS LEVELS OF I N I T I A L  EX- 
CITATION. ( S t  = 0.5. N = 0.2) .  
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FIGURE 10. - VARIATION OF THE PEAK LEVEL ATTAINED BY 
THE FUNDAMENTAL WAVE WITH THE I N I T I A L  LEVEL OF EX- 
CITATION. ( S t  = 0.5. M = 0.2). 
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FIGURE 11. - VARIATION OF THE FUNDAMENTAL (af), SUB- 
HARMONIC, (Gf /2), HARMONIC (ITzf), AND THE TOTAL 
FLUCTUATION tuTOTAL). ALONG THE JET AXIS. 
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FIGURE 12. - VARIATIOFi OF THE MEAN VELOCITY MEASURED 
AT x/D = 9 ON THE JET CENTERLINE WITH THE LEVEL OF 
EXCITATION FOR VARIOUS MACH NUMBERS. 
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FIGURE 13. - COMPARISON OF EXPERIMENT VERSUS THEORY 
FOR THE VARIATION OF THE PEAK LEVEL ATTAINED BY 
THE FUNDAMENTAL WITH THE I N I T I A L  LEVEL OF EXCITA- 
TION, ( S t  = 0.5. M = 0 .2) .  
THEORY 
- 
EXPERIMENT 
- 
a 
a 
- 
H a 
1 
I J ' ~  o/U j , PERCENT 
FIGURE 14. - COMPARISON OF EXPERIMENT VERSUS THEORY 
FOR THE VARIATION OF MOMENTUM THICKNESS AT x/D = 9 
WITH THE I N I T I A L  LEVEL OF EXCITATION, ( S t  = 0.5, 
M = 0 .2) .  
(A) NO EXCITATION. (B)  1 V. 
FIGURE 15. - SCHLIEREN PHOTOGRAPHS OF JETS AT VARIOUS LEVELS 
OF EXCITATION (FROM REF. 3 ) .  
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